Abstract. The application of atto-second streaking spectroscopy (ASS) to direct time-domain studies of the plasmonic excitations in metallic nanoobjects is addressed theoretically. The streaking spectrograms for a rectangular gold nano-antenna and spherical gold clusters are obtained within strong field approximation using classical electron trajectory calculations. The results reported here for spherical clusters are also representative of spherical nanoshells. This study demonstrates that ASS allows for detailed characterization of plasmonic modes, including near-field enhancement, frequency and decay rate. The role of the inhomogeneity of the induced electric fields is also demonstrated.
Introduction
For metallic nano-objects, the collective plasmonic response of the conduction band electrons to external electromagnetic radiation leads to a large near-field enhancement [1, 2] . Because of its practical and fundamental interest, this phenomenon has been the focus of thorough research as evidenced by a number of recent reviews [3] [4] [5] [6] [7] . Information technology [8, 9] , optical nanoantennas [10, 11] allowing, in particular, single-molecule detection [12] [13] [14] , energy transfer with nano-particle arrays [15] [16] [17] , and coherent control of the field enhancement within a spot much smaller than the radiation wavelength [18] [19] [20] are some examples of the subjects covered by the fast growing field of nano-plasmonics. A comprehensive understanding of the dynamics of electrons in nano-systems would help not only in the characterization of existing devices, but also in the search for future ones. Most of the available experimental probes provide detailed information on the optical near-field in metallic nano-objects in the stationary regime, i.e. on long time scales as compared to the plasmon period [21] [22] [23] [24] [25] . The pump-probe techniques with femtosecond (fs) laser pulses allow one to address issues such as plasmon propagation or relaxation and dephasing [26] [27] [28] [29] [30] [31] , but still do not have sufficient resolution to observe directly the plasmonic fields in the time domain.
In this context, the development of the sub-femtosecond experimental technique [32] initiated in 2001 provides a prospective tool for monitoring electron dynamics in nanosystems. By keeping track of the temporal evolution of outgoing electron wave packets, this technique has been shown to give direct time-domain insight into various aspects of the interaction of an electron with non-stationary many-electron systems. First, atto-second streaking spectroscopy (ASS) enabled the observation of the decay of an inner-shell vacancy through Auger relaxation in isolated atoms in the gas phase [33] . In this as well as in most other experiments with atto-second pulses, the time dynamics was observed with an ingenious 'streaking camera' [34] [35] [36] [37] [38] [39] [40] . The infrared (IR) pulse, which produces the atto-second pulse by high-harmonics generation, is simultaneously used to transpose the electron ejection time into the electron energy spectrum (for details, see below). Another type of studies with atto-pulses, the so-called 'atto-chronoscopy' [41] [42] [43] that does not use the streaking idea, deserves to be mentioned. Until now, experiments have been performed mostly on free atoms in the gas phase (for a review, see [40] ). The first experimental extension of the atto-second streaking technique to processes with solid surfaces was done only recently [44] . This important experiment has shown that it is possible to obtain direct time-domain access to charge dynamics at the nearsurface region of metals by probing photoelectron emission from a single crystal. Regarding the nano-objects, to the best of our knowledge, no experiments with atto-pulses have been performed so far. In this paper, we theoretically study the application of the streaking technique for the characterization of plasmonic near-fields of metallic nano-objects such as optical nano-antenna and spherical nano-clusters of different sizes. We show that the external IR field enhancement near the nano-object reveals itself in a large amplitude of the streaking oscillations. Moreover, our results demonstrate that ASS allows detailed characterization of the plasmonic mode excited by the external IR field. The frequency, decay rate and phase of the plasmon oscillation can be directly measured in the time domain. Thus, ASS can become a very important tool for investigating the plasmonic dynamics of nano-objects.
Basic equations and approximations
The 'streaking camera' scheme was invented for the investigation of the reaction of atoms on the atto-second pulse and for the control of the characteristics of this pulse [40] . We first consider the typical implementation of the method for the free-atom case (figure 1). The corresponding streaking spectra will be used as the reference to unravel the role of plasmonic excitations in 4 nano-objects. The uniform IR laser pulse is incident at the atom. The electric field of the pulse is polarized along the z-axis, and it is given by (atomic units are used everywhere unless otherwise stated) [45] 
In equation (1),ê z is the unit length vector along the z-axis. ω L = 1.6 eV is the frequency of the pulse, τ L = 10 fs (420 au) is the pulse duration, and the pulse intensity is 10 12 W cm
(the corresponding amplitude of the electric field: F 0 = 8.717 × 10 −3 au). The z-polarized attosecond pulse,
comes with some time delay t d with respect to the onset of the IR pulse. = 0.4 fs (16.8 au) is the duration, and F as is the (small) amplitude of the atto-second pulse, ω as = 100 eV. The attosecond pulse ejects an electron from the atom. After the electron ejection, the IR field acts on the outgoing electron and changes its energy. The observed final energy spectrum of the emitted electrons depends on the delay time t d and this dependence allows one to probe the result of the atto-second ionization in the time domain. For simplicity, we consider the ionization of a deep atomic s-shell with an energy E s such that in the absence of the IR field, the final energy of the photo-emitted electron is E f = E s + ω as = 2 au. The direction of the electron ejection is determined by the conventional rules of one-photon absorption in a free atom, which leads to a certain angular distribution of the ejected electrons. Experimentally, the electrons ejected in a small cone about the direction of polarization of the incident atto-second pulse are usually the object of measurement. Thus we restrict ourselves to the observation of electrons ejected along the z-axis so that the simplified treatment can be used.
A key idea of the streaking effect is that the electron ejected from an atom by the atto-pulse acquires additional velocity from the strong IR field. Within the strong-field approximation, the final velocity of the electron photo-emitted at the instant of time t d along the z-axis is given by
where u = √ 2E f is the initial velocity of the emitted electron. Introducing the vector potential of the IR laser field A L :
equation (3) can be expressed as
The corresponding final kinetic energy of the ejected electron reads
Equation (6) is widely used to discuss streaking experiments with atoms in the gas phase. Thus, the final electron energy distribution reveals dependence of the process on the time of electron ejection t d . Basically, it reflects the time evolution of A L (t d ), the last term in equation (6) 5 being conventionally rather small. This simple streaking curve has to be averaged over the possible initial conditions u = √ 2(E s + ω) produced by the ω-spectrum of the atto-pulse. For this averaging we use the Gaussian distribution:
centered at E f with the effective spectral width δ. The term 2/ (≈3.2) eV in equation (7) is the spectral width of the atto-second pulse. It is worth noting that the quantities E s and ω as do not enter our study explicitly; instead we use the central value of the ejected electron energy E f = 2 au. The representation of the effective width in the emitted electron energy distribution was obtained in [34] by the analysis of the semiclassical approximation for the strong-field approximation and confirmed in [46] with fully quantum computations. Averaging the result of computations with equation (6) over the energy distribution of the emitted electrons, one obtains the streaking spectrogram for the free-atom case shown in figure 1.
In the case of a metal nano-particle, the total IR field acting on the emitted electron is a sum of the incident and the induced fields:
Here, F ind (r, t) is the field created by the nano-particle in response to the incident IR pulse. In contrast to F L , the induced field F ind is spatially non-homogeneous and depends explicitly on the coordinates r. Thus, equations (2)- (5) describing the streaking effect for the free-atom case have to be generalized as follows:
In equation (9),ê u is the unit length vector defining the initial direction of motion for the ejected electron. The probability distribution of the initial ejection angles is given by the corresponding dipolar matrix elements. In the case of a dense matter, the atto-second XUV pulse penetrates the object and can eject electrons from any atom located at position r 0 within the object. However, the inelastic mean free path of 50 eV electrons in a metal is, as a rule, rather short, being in the 5 Å range [47] . Then, only the electrons ejected from surface adatoms or atoms in the surface layer of the nano-particle can reach the detector carrying non-distorted information on the ejection process. A similar situation has been discussed previously in relation to the experimental study of the interaction of atto-second pulses with electrons in metals [48] . In order to calculate the streaking spectrogram, a large number of electron trajectories have to be used with initial conditions that sample different launch positions at the surface of the nano-particle r 0 , different initial ejection anglesê u , as well as possible energies of the emitted electron. The energy sampling is performed with the distribution function given by equation (7), where the effective spectral width δ is computed not with the field of the incident IR pulse F L (t d ), but with the total electric field F IR (r 0 , t d ) at the point and the moment of the electron emission. Since we are interested in the gross features of the effect of the plasmonic fields on the streaking spectra, the simplified treatment is used in our computations. Indeed, for the registration of the electrons emitted along the z-axis the final velocity should satisfy
Taking into account the large initial velocity u = 2 au, only electrons ejected close to the z-axis will be detected. We thus consider only the z-component of the total IR field F IR →ê z (ê z · F IR ) in equation (9), and assume that the electron is initially ejected along the z-axisê u =ê z . The x-and y-component of F IR lead only to a slight deflection of a trajectory, which has to be compensated for by a very small variation of the initial ejection angleê u so that equation (10) is fulfilled.
When the spectrum of the incident IR pulse overlaps the nano-particle plasmon, the latter can be efficiently excited, leading to a strong near-field enhancement. In this case, F IR (r, t) is dominated by the induced plasmonic field which reveals itself in the streaking spectrograms. With examples discussed below, our study shows that ASS offers a time-domain insight into plasmonic dynamics.
Streaking with metallic nano-objects
In what follows we present a proof-of-principle study of the streaking effect with an atom placed on the surface of a nano-object. The goal of this work is to demonstrate the streaking effect in the plasmonic field of the nano-object. The initial state of the electron in the atom is assumed to be spherically symmetric. We take the XUV photon energy to be large enough so that the final energy of the electron after absorption of this photon is centered at 2 au. This allows us, in the first approximation, to neglect the polarization of the final electron state by the cluster potential. In our computations, we consider the electron emission only from the atoms at the surface of the nano-particle since the inelastic mean free path in the considered energy interval is of the order of inter-atom distance.
Rectangular gold nano-antenna
We first consider the gold nano-antenna with rectangular 40 × 40 × 180 nm geometry, sketched in figure 2. The z-axis is directed along the longest side of the antenna. The total IR field has been computed with a rigorous time-domain pseudo-spectral solver of the Maxwell equations [49] . The dielectric function of gold within the frequency range of interest can be well described within the Drude model ε Au (ω) = 1 − ω 2 p /[ω(ω + iη)] with the plasma frequency ω p = 7.9 eV and attenuation η = 0.09 eV [50] . The calculated nano-antenna response is characterized by the dipolar plasmon resonance at = 1.48 eV close to the frequency of the incident IR pulse. The calculated width of the resonance is = 0.2 eV, i.e. the corresponding induced dipole decays in time as exp[− t/2] with /2 = 0.1 eV. Figure 2 shows snapshots of the z-and y-components of the field induced in response to the incident IR pulse. The excitation of the dipolar plasmon mode oriented along the z-axis clearly follows from the structure of the induced fields shown in the figure. The z-component of the IR field is strongly enhanced in the vicinity of the nano-antenna with the enhancement factor close to 6. (This factor is a ratio between the z-component of the total IR field and that of the incident IR field.) Outside the z-extremities of the antenna, the F z component of the field relevant for our study shows a z-dependence with a characteristic scale in the 10 nm range. An electron ejected from the surface atom with initial velocity 2 au needs T = 100 au (2.4 fs) to 'explore' the spatial variation of the induced field created by the nano-object. We recall that the period of the IR field with the frequency ω L = 1.6 eV is T L = 107 au (2.5 fs). The two characteristic time scales being comparable, both spatial and temporal variations of the fields contribute to the final streaking spectra, as calculated with equation (9) . In this respect, the present situation is quite different from the instantaneous emission regime T T L considered in the proposal for an atto-second nano-plasmonic-field microscope in [51, 52] . The latter requires either extremely well-localized plasmonic near-fields or a much higher energy of the emitted electron.
In figure 3 , we show the atto-streaking spectrogram for the rectangular gold nano-antenna. The results presented in this figure include the emission energy statistics determined by the frequency spectrum of the XUV atto-second pulse. Calculations are performed under the assumption that, because of the inelastic electron-electron scattering effects, only the electrons emitted from the face of the nano-antenna located in front of the detector contribute to the final result. The streaking effect is clearly seen in the figure. Analysis of the delay-time characteristics of the streaking spectrogram and its comparison with the free-atom case (see figure 1 ) allows one to access the characteristics of the plasmonic fields.
1. The amplitude of the energy oscillations for the rectangular nano-antenna is approximately three times larger than for the free-atom case, which reflects a near-field enhancement. The enhancement factor of 3 deduced from the streaking spectra is lower than the enhancement factor of 6 obtained directly from the calculated electromagnetic field in the vicinity of the nano-antenna face. It is the finite spatial extension of the near field probed by the outgoing electron (see discussion above) that reduces the 'apparent' field enhancement. 2. Close inspection of the free-atom and nano-antenna streaking spectrograms reveals that the oscillating structure of the latter is delayed by π/2 with respect to the former. Indeed, because of the field enhancement, the streaking spectrum of the nano-antenna is determined primarily not by the incident pulse, but by the resonantly excited plasmonic field of the nano-antenna. In the conditions of the near-resonant excitation the induced IR field is delayed by π/2 with respect to the driving incident IR pulse. 3. At large delay times t d the streaking signal shows an exponentially damped oscillating structure, which lasts much longer than the duration of the initial IR pulse (i.e. 420 au). Indeed, at large t d the IR field acting on the ejected electron is fully determined by the dynamics of the excited antenna resonance. Analyzing the streaking signal after the termination of the incident IR pulse (see the sketch in figure 3 ), one can extract the characteristics of the time evolution of the plasmonic field. Thus, the extracted resonance period T fit = 115 au corresponds to the resonance frequency fit = 1.49 eV. The agreement with = 1.48 eV obtained by the direct calculation of the electromagnetic fields is excellent. Similarly, the rate of the exponential decay fit /2 = 0.12 eV extracted from the streaking spectra agrees well with the exact 0.1 eV value. It is given by the weighting factor sin(θ) and reflects the number of equivalent emitters at the surface of the cluster contributing to the given streaking curve. The streaking curves for θ = 0 and θ = π/2 delimiting the spectra are explicitly labeled.
Spherical gold clusters
In the case of the rectangular nano-antenna, the electrons emitted from the face of the nanoantenna and reaching the detector all move in nearly the same induced electromagnetic field, which explains the well-resolved streaking spectra. However, for nano-objects of general geometry, due to the spatial inhomogeneity of the induced field, the emitted electrons will experience different streaking in dependence on the launch position at the surface of the nanoobject. This is the case for the streaking spectrometry performed on spherical metallic nanoclusters as sketched in figure 4 . The IR and atto-second pulse, both polarized along the z-axis, are incident on a gold nano-sphere of radius R cl . The electrons are ejected from the atoms (or adatoms) located at the surface of the nano-sphere facing the detector. The electron ejection point is thus defined by the azimuth angle ϕ (0 ϕ 2π ) and polar angle θ (0 θ π/2) in spherical coordinates with the z-axis as indicated in figure 4(a) and coordinate origin at the middle of the cluster. Since we observe the ejected electrons only along the z-axis, we restrict calculations to only this initial direction of the electron velocity. For a given emission point, the final kinetic energy of the ejected electron is obtained from equations (9) . The IR field induced by the spherical cluster is calculated within the non-retarded approximation, which is well justified for the purpose of the present proof-of-principle study and for the characteristic distance scales and nano-sphere sizes studied here.
We considered gold clusters with R cl = 50 nm and R cl = 20 nm, i.e. much smaller than the characteristic wavelength of the IR pulse. Experimentally measured [53] and calculated [54] optical responses of these size particles are dominated by the well-defined dipolar plasmon resonance. The spectrum of the induced dipole along the z-axisP(ω) can then be described as [1, 54] 
whereF L (ω) is the spectrum of the external laser field, is the dipolar plasmon resonance frequency and is the width of the resonance. For larger size clusters the higher-order multipolar modes become increasingly important because of the retardation effects [54] . This can be accounted for within Mie theory [55] . We emphasize, however, that this paper focuses on the gross effects of plasmonic excitations, as can be observed with atto-second streaking experiments. Thus, we leave the fine effects due to multipolar terms for a future study.
In order to model the realistic cluster response, including radiation losses and many-body damping [56] , we used empirical data for the frequency and width of the dipolar plasmon resonance. From the measured optical properties of spherical gold clusters with diameters of 20 nm and larger [53] , one obtains: = 2.0 eV and = 0.5 eV for R cl = 50 nm; and = 2.2 eV and = 0.3 eV for R cl = 20 nm. Replacing in equation (11) ω by i∂/∂t, the time evolution of the induced dipole can be obtained by solving the differential equation
The z-component of the induced IR field relevant for our studyê z · F ind (r, t) is then given bŷ
It is worth noting that as in the metal nano-antenna case, only the electrons emitted from the surface of the cluster facing the detector are recorded. This is because of the inelastic effects leading to the short mean free path of electrons inside the metal. As a direct consequence, the results obtained here for small spherical clusters (see below) are representative also of small spherical metallic nano-shells under the excitation of both bonding and anti-bonding plasmon modes of dipolar character [57, 58] . Indeed, while the absolute values of the fields at resonance differ, the induced field structure above the surface is given by equation (13), i.e. it is the same for the nano-shell and the nano-cluster. The nano-shells attract much interest because of the tunability of the plasmonic resonance over a wide range of frequencies [7, [57] [58] [59] [60] [61] . The dependence of the streaking effect on the electron ejection point, i.e. on the position of the photo-ionized atom at the surface of the cluster, is shown in figure 4(b) for R cl = 50 nm. To show the effect of the inhomogeneity of the IR field, we assume homogeneous distribution of the intensity of the atto-second XUV pulse at the surface of the cluster. The problem then possesses the axial symmetry so that the electron ejection position is defined by the angle θ as sketched in panel (a) of the same figure, and ϕ angle can be set equal to zero. Figure 4 (b) presents an ensemble of streaking curves for electrons ejected with a fixed initial velocity u = 2 au toward the detector. The results are reported prior to averaging over possible electron energies within the spectral width of the atto-second pulse. The color scale corresponds to the weight of different initial positions. It is given by the sin θ dependence. This is a pure statistical factor, which reflects the number of equivalent emitters at the corresponding portion of the surface of the cluster with an area given by σ = 2πR 2 cl sin θ dθ. Thus, the electron signal from small θ, i.e. from the portion of the cluster surface close to the direction of the detector, is substantially smaller than the signal from the peripheral points at θ = π/2.
As it follows from equation (13), for the dipolar plasmon mode the induced field at the cluster surface at θ = 0 is always the opposite of the induced field at θ = π/2. Starting from t d = 250 au, the induced field of the gold nano-sphere dominates the total IR field. The θ = π/2 and θ = 0 streaking curves delimiting the spectra appear then to oscillate in opposite phases, reflecting opposite orientation of the dipolar fields at the corresponding areas of the surface. For smaller t d , the relative phase of the θ = π/2 and θ = 0 oscillations is influenced by the incident IR field F L . The amplitude of the energy oscillations is essentially larger for emission points close to the z-axis (θ → 0) although the contribution of these electrons to the total yield is small. The incident IR field enhancement is of the order of 5 at this portion of the surface, as can be obtained from equations (11) and (13) . The same order of the field enhancement can be also deduced from a comparison of the free-atom results in figure 1 and θ → 0 streaking curves in figure 4 . For the electrons emitted at θ = π/2 the induced IR field is twice as small and the total incident field enhancement at the cluster surface is of the order of 1.5, which reduces the amplitude of the energy oscillations in the streaking curve. The difference by a factor of 2 in the amplitude as well as opposite directions of the induced fields at the cluster surface for θ = π/2 (z = 0, x 2 + y 2 = R 2 cl ) and for θ = 0 (z = R cl , x = y = 0) is particularly clearly seen for time delay t d > 420 au. The incident IR pulse is then terminated, and the IR field acting on the ejected electron is fully determined by the induced dipolar plasmon resonance. Despite the off-resonance conditions (the frequency of the IR pulse is ω = 1.6 eV, while the frequency of the dipolar plasmon is = 2.0 eV), the nano-particle plasmon is excited because of the finite width of the spectrum of the incident IR pulse.
The calculation shows that all the streaking curves almost cross at well-defined delay times. The electron energies at these t ( j) d points are very close to the free-atom case shown in figure 1 . Therefore, independently of the emission point at the surface, the electron energy change by the induced field due to the nano-sphere plasmon resonance is nearly zero when t d = t ( j) d . This can be explained with the simplified qualitative treatment. Assuming constant electron velocity u along the trajectory, for the emission at the instant t d the energy change due to the induced field is given by (cf equation (13))
where (x 0 , y 0 , z 0 ) is the emission point at the surface of the cluster. During one period of the IR field, an electron with u = 2 au travels approximately 10 nm. This is smaller than the cluster radius and the characteristic scale of the coordinate dependence in F ind variation. The nodal structure in the t d dependence of the integral in equation (14) is then related with the time variation of the induced dipole and appears to be independent of the emission point. We have computed are very close to the nodes of this quantity. Thus, the correlation has been confirmed with an accuracy that seems to be surprisingly high.
The calculated final streaking spectrogram is presented in figure 5 for the spherical gold cluster with radius R cl = 50 nm. It is obtained including the emission energy statistics determined by the Gaussian shape of the XUV atto-pulse, and the averaging over possible positions of the emitter at the cluster surface. We account for the position dependence of the electron emission probability in the direction of the detector. It is given by |F(θ, ϕ)| 2 , where F(θ, ϕ) is the amplitude of the z-component of the XUV field at the surface of the cluster. It is calculated from the classical Maxwell equations using the boundary element method as implemented with the BEMAX code [62, 63] . The dielectric constant of gold for 100 eV photons, ε = 0.82 + i0.073, has been taken from synchrotron radiation scattering data [64] . It is worth mentioning that for the spherical clusters with R cl = 50 and 20 nm considered in this study, using a homogeneous distribution of the XUV field at the cluster surface F as = const provides very similar streaking spectrograms.
The dependence of streaking on the electron ejection point results in the streaking spectrogram for the spherical gold cluster, which has a much more complex structure than the free-atom and rectangular nano-antenna cases. Because of a larger number of emitters, the electrons ejected from the surface atoms at θ ≈ π/2 provide a leading contribution to the signal. However, the contribution from the electrons emitted at θ ≈ 0, i.e. from the portion of the surface directly facing the detector, is also visible. Basically, all the features discussed with figure 4, including the opposite signs of energy oscillations at small θ and θ = π/2, can be seen in the final result. In particular, the t
points of the vanishing induced-field contribution to the final electron energy produce the bright spots in the streaking spectrogram. This provides a good reference for the discussion of the dynamics of the induced field, including the phase shift with respect to the incident IR field. In the present case, plasmonic oscillations decay with a rate /2 = 0.25 eV. Even though less long-lasting than the nano-antenna case, the features of the streaking spectra are well resolved for t d up to 600 au, i.e. long after the termination of the incident IR pulse. The conditions for the observation of the induced plasmonic field after the termination of the driving IR pulse are met even better with smaller size spherical nano-clusters owing to the reduced plasmon damping rate. In figure 6 , we show the streaking spectrogram for the R cl = 20 nm gold nano-sphere. The main features of the calculated results are similar to that discussed above for the R cl = 50 nm cluster. In particular, note the following.
1. The energy oscillations are larger than in the free-atom case, indicating plasmonic field enhancement at the cluster surface. 2. The streaking spectra show a complex structure arising from the dependence of the 'probed' induced fields on the electron ejection point at the surface of the cluster. 3. The streaking for the electrons emitted from the portion of the cluster surface at small θ is nearly twice as large as that for θ ≈ π/2, and the corresponding energy oscillations with delay time are in the opposite phase. 4. Because of the larger number of emitters, the intensity is dominated by the electrons ejected at θ ≈ π/2. 5. The vanishing contribution from the induced cluster field at well-defined delay times t For R cl = 20 nm and R cl = 50 nm nano-spheres, the well-resolved structure of the streaking spectra for delay times t d > 420 au (after the termination of the incident IR pulse) allows one to extract the plasmon characteristics. An example of possible analyses of the data is shown in figures 6 and 7. The intensity I of the electron energy spectrum is recorded along the central line E = E f as a function of the delay time for large t d > 500 au. In these conditions, I is determined by the central part close to the maximum of the frequency spectrum of the atto-second XUV pulse. Then, the data can be fitted with I = I 0 − I 1 exp(− fit t) cos 2 ( fit t + φ) dependence. For R cl = 20 nm the fit gives the decay rate fit = 0.27 eV and fit = 2.19 eV. These values are in close agreement with damping = 0.3 eV and frequency = 2.2 eV used to describe the nano-particle response in equation (11) . Similarly, for R cl = 20 nm we obtain fit = 0.45 eV and fit = 1.98 eV to be compared with exact = 0.5 eV and = 2.0 eV.
Conclusions
In conclusion, in this proof-of-principle work we have presented a theoretical analysis of the atto-second streaking technique when applied to metallic nano-objects. Particular emphasis is given to the characterization of the time dynamics of the dipolar plasmonic near-field. With examples of a gold rectangular nano-antenna and spherical gold clusters we have shown that ASS not only allows direct observation of the time evolution of the induced field, but also allows a rather complete characterization of the plasmonic mode excited by the external IR field. The near-field enhancement, frequency, decay rate and phase of the plasmon oscillations can be measured directly in the time domain. Our study also reveals the role of the spatial inhomogeneity of the induced fields. We show that different orientations of the induced dipolar fields above different patches of the surface of the nano-cluster lead to a rather complex streaking spectrogram which is much different from the well-documented free-atom case. At this point it is worth noting that the spherical cluster example considered here is representative also of possible studies of metallic nano-shells. Based on our results, the ASS has great potential to become an important tool for investigating the plasmonic dynamics of nano-objects.
